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Abs t r ac t .  Observat ions sugges t  t h a t  t h e  
annual  upwell ing event  i n  t h e  Gulf of Guinea 
is n o t  a s s o c i a t e d  wi th  changes i n  t h e  l o c a l  
winds. A p o s s i b l e  explana t ion  is t h a t  a s t r o n g  
upwell ing s i g n a l ,  genera ted  by inc reased  w e s t -  
ward wind s t r e s s  i n  t h e  wes tern  A t l a n t i c ,  can 
t r a v e l  t o  the e a s t e r n  A t l a n t i c  a s  an equa to r i -  
a l l y  t rapped  Kelvin wave. Th i s  exp lana t ion  is 
analogous to c u r r e n t  t h e o r i e s  of E l  Niño i n  t h e  
P a c i f i c  Ocean. 
In t roduc t ion  
During t h e  FINE Workshop (FGGE/INDEX/NORPAX 
E q u a t o r i a l  Workshop, June 27rAugust 12 ,  1977) 
a t  U.C.S.D., La J o l l a ,  C a l i f o r n i a ,  t h e  French 
p a r t i c i p a n t s  presented  d a t a  from t h e  equator-  
i a l  A t l a n t i c  and t h e  Gulf of Guinea t aken  dur- 
i n g  1974 (GATE) and 1975. The r e s u l t i n g  
d i s c u s s i o n  of t h e s e  and r e l a t e d  d a t a  i n  terms 
of s imple  t h e o r e t i c a l  i d e a s  about  e q u a t o r i a l  
ad jus tment  t o  time-varying s u r f a c e  winds l e d  
t o  a p o s s i b l e  explana t ion  of many of t h e  main 
f e a t u r e s .  The primary i n p u t s  t o  t h e  d iscus-  
s i o n  w e r e  made by t h e  au tho r s ,  w i t h  occas iona l  
comments by o t h e r  workshop p a r t i c i p a n t s .  
The d a t a  i l l u s t r a t e d  h e r e  are two N-S sec-  
t i o n s  a c r o s s  t h e  equator  which were made from 
t h e  R/V CAPRICORNE a t  5 " W  i n  January and 
August, 1975; t h e  t i m e  series taken a t  OON, 
10"W by Rybnikov from t h e  USSR v e s s e l  PASSAT 
( inc lud ing  moored c u r r e n t  meter d a t a  subse- 
quen t ly  ana lyzed  by Duing); 1974 s e a  l e v e l  and 
SST d a t a  a t  va r ious  c o a s t a l  l o c a t i o n s  d o n g  t h e  
Gillf of Grinca (P icau t  and Verstraete, persoaa: 
communication); and t h e  mean sea s u r f a c e  
s l o p e s  a long  the  equator  based on h i s t o r i c a l  
d a t a  (Neumann, e t  a l . ,  1975). Bas ic  i d e a s  
about  b a r o c l i n i c  e q u a t o r i a l  adjustment  i n  t h e  
ocean, i n  t h e  presence of c o n t i n e n t a l  bounda- 
ries, are conta ined  i n  Moore (1968); L i g h t h i l l  
(1969); O'Brien and Hur lbur t  (1974); Hur lbur t  
e t  a l ,  (1976); McCreary (1976); Moore and 
Phi lander  (1977); and Cane and Sarachik  (1976, 
1977). 
Observa t i o  ns 
F igu re  1 (a,b) shows the  temperature  and 
zonal  v e l o c i t y  d a t a  obta ined  by Hisard a t  5"W 
i n  January ,  1975. Note the  s t r o n g  eastward 
unde rcu r ren t  w i t h  maximum v e l o c i t y  i n  excess  
of 120 cm/sec a t  70 meters depth.  There i s  a 
marked depres s ion  of t he  15"-2C)"C isotherms i n  __ - - -  
t h e  v i c i n i t y  of t h e  unde rcu r ren t  core.  The 
zonal  v e l o c i t y  a t  t h e  s u r f a c e  nea r  t h e  equator  
is westward and r e l a t i v e l y  weak (10-20 cm/sec). 
F igure  2 (a,b) shows t h e  same d a t a  f o r  August, 
1975. The undercur ren t  i s  weaker and sha l -  
lower, w i th  a maximum v e l o c i t y  of -80 cm/sec 
a t  40 meters  depth.  The 16"-21"C isotherms 
now show a marked upward bowing i n  t h e  v ic in-  
i t y  of t h e  undercur ren t .  The westward s u r f a c e  
f low a t  t h e  equa to r  is much s t r o n g e r  (60-100 
cm/sec). 
uary  and August d a t a  that a s i g n i f i c a n t  change 
has  occurred  i n  t h e  e q u a t o r i a l  temperature  and 
f low f i e l d s  a t  5 " W  du r ing  t h e  i n t e r v e n i n g  
period. 
observed a t  O"N, 10"W by t h e  PASSAT dur ing  
27 June-16 J u l y ,  27 July-15 August, and 29 
August-19 September, 1974. F igu re  3 (b) is 
t h e  time series of Z O M ~  v e l o c i t y  as a func- 
t i o n  of depth  from moored c u r r e n t  meters a t  
the  same l o c a t i o n ,  f o r  t h e  e n t i r e  per iod ,  24 
June-13 September. There is a marked drop 
(-2°C) i n  SST between 6 J u l y  and 9 Ju ly .  
There is a l s o  an  upward s h i f t  i n  t h e  co re  of 
t h e  undercur ren t ,  s t a r t i n g  perhaps as e a r l y  as 
28 June. W e  hypothes ize  t h a t  t h e  upward motion 
of t h e  undercur ren t  and t h e  appearance of cold 
water  a t  t h e  sea s u r f a c e  are as soc ia t ed  w i t h  
an upwell ing event.  
of t h e  undercur ren t  co re  beg ins  be fo re  t h e  
It i s  c l e a r  from comparing t h e  Jan- 
F igure  3 (a)  shows t h e  t i m e  series of SST 
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Fig. 1 (a ) .  Temperature .(OC) as a func t ion  of 
l a t i t u d e  and depth a t  5"W i n  January,  1975: 
Fig. 1 (b).  Zonal v e l o c i t y  (cm/sec-') as a 
func t ion  o f  l a t i t u d e  and depth  a t  5"W i n  
January, 1975. The unmarked contour  a t  t he  
co re  of  t he  Undercurrent  is 120 cm/sec-'. 
Curren ts  a r e  measured r e l a t i v e  t o  300 meters.  
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Fig. 2 ( a ) .  Temperature (OC) as a func t ion  of 
l a t i t u d e  and deDth a t  5"W i n  Aueust. 1975. 
Fig.  2 (b). Zonal v e l o c i t y  (cm/sec-l) as a 
f u n c t i o n  of l a t i t u d e  and depth a t  5 " W  i n  
August, 1975. The unmarked contours i n  t h e  
westward s u r f a c e  f low a t  t h e  equator  a r e  100 
cm/sec-'. Cur ren t s  are measured r e l a t i v e  t o  
300 meters. 
marked change i n  SST, s i n c e  t h e  mixed l a y e r  
must be  advected away b e f o r e  the co ld  water 
can appear  at t h e  su r face .  It is clear from 
the PASSAT d a t a  t h a t  t h e  upwell ing event  as 
revea led  by t h e  c o l d  SST was of a t  least two 
months' du ra t ion .  
F i g u r e  4 (P icau t  and Verstraete, pe r sona l  
c o m u n i c a t i o n ;  Houghton and Beer, 1976) shows 
time series of d a i l y  sea s u r f a c e  temperature  
at  a number of c o a s t a l  s t a t i o n s  i n  the Gulf 
o f  Guinea. The tempera ture  a t  a l l  l o c a t i o n s  
beg ins  a gradual  d e c l i n e  which seems t o  s tar t  
about  1 June; an  extended Tema record ,  pro- 
v ided  by Hisard ,  shows t h a t  t h i s  d e c l i n e  
a c t u a l l y  began about  20 May. There i s  a 
marked drop  (AT-6" a t  Tema) i n  SST beginning 
about  13 Ju ly .  According t o  Houghton (1976) 
i sopycna l s  remained r e l a t i v e l y  f l a t  p r i o r  t o  
1 2  J u l y  t o  at least a dep th  of 100 meters.  
Between 12 J u l y  and 18 J u l y ,  t h e  i sopycnals  
r o s e  about  50 meters, t h e  most r ap id  i n c r e a s e  
t a k i n g  p l a c e  a f t e r  15 Ju ly .  A shal low thermo- 
cline a t  40 meters depth  was completely brought  
t o  t h e  s u r f a c e  by 20 J u l y .  (The s u r f a c i n g  of 
t h e  thermocl ine is e v i d e n t  i n  Figure 4 by t h e  
appearance of a 15-day b a r o c l i n i c  t i d a l  o s c i l -  
l a t i o n .  Th i s  s i g n a l  occu r s  i n  corresponding 
sea l e v e l  r eco rds  throughout  t h e  year ,  b u t  
can  e x i s t  i n  t h e  SST reco rds  only when t h e  
thermocl ine  i s  n e a r  t h e  su r face . )  An upwell- 
i n g  event  similar t o  t h e  e q u a t o r i a l  one has  
occur red  a long  t h e  Af r i can  coas t .  
i n g  even t s ,  s imilar t o  those  i l l u s t r a t e d  i n  
F igu re  1-4,occur eve ry  year .  
ana lyzed  h i s t o r i c a l  SST reco rds  i n  t h e  Gulf 
o f  Guinea. One of h i s  f i g u r e s  shows t h a t  i n  
August a narrow band o f  c o o l  ocean temperature  
e x i s t s  a l l  a long  t h e  equa to r ,  a s  w e l l  a s  be- 
tween 5"E and 1 O " W  a long  t h e  Afr ican  coas t .  
Merle (1977) has  i n v e s t i g a t e d  seasona l  va r i -  
a t i o n s  of t he  deeper  thermal  s t r u c t u r e  i n  t h e  
t r o p i c a l  A t l a n t i c  u s ing  hydrographic  da t a  on 
f i l e  a t  NODC. According t o  Merle, i n  the  
e a s t e r n  A t l a n t i c  coo l ing  gradual ly  begins i n  
There  is  cons ide rab le  evidence t h a t  upwell- 
Bakun (1978) has  
May and reaches  an extreme i n  August o r  Sep- 
tember. The cool ing  is i d e n t i f i a b l e  t o  depths  
of 150-200 meters  i n  some cases ,  but i s  gen- 
e r a l l y  confined t o  t h e  upper 100 meters;  i t  is 
c l e a r l y  a s s o c i a t e d  wi th  an u p l i f t i n g  of t h e  
thermal  s t r u c t u r e  of t he  order  of 25-50 meters. 
Using t h e  va lue  of s a l i n i t y  a t  t h e  co re  of t h e  
Undercurrent  as a measure of t h e  flow, he ar- 
gues t h a t  from 0"-20"W t h e  speed of t h e  Under- 
c u r r e n t  r eaches  a minimum i n  September, a 
p r i n c i p a l  maximum i n  April-May, and a s t r o n g  
secondary maxipm i n  December-January. 
i n g  i n  t h e  Gulf of Guinea i s  t h a t  i t  is n o t  
r e l a t e d  i n  an obvious way t o  t h e  l o c a l  winds 
(Houghton, 1976; Bakun, 1978). According t o  
Yas tenra th  and Lamb (1377), t h e  winds i n  t h e  
e q u a t o r i a l  b e l t  east of 1O"W are p r imar i ly  
mer id iona l  w i th  l i t t l e  v a r i a t i o n  i n - t h e  zona l  
wind from month t o  month. The s t anda rd  
exp lana t ion  of upwell ing r e q u i r e s  changes i n  
zona l  (alongshore) wind at  t h e  equator  ( coas t ) ,  
and subsequent  Ekman divergence, t o  induce 
upwell ing.  It is  n o t  l i k e l y ,  then, t h a t  t h e  
marked d i f f e r e n c e s  i n  t h e  thermal and v e l o c i t y  
s t r u c t u r e  of t h e  ocean d iscussed  above a r e  
caused by changes i n  t h e  l o c a l  wind. 
i n g  s i g n a l  a t  10"W i n  t h e  summer of 1974 
(F igure  3) was dynamical ly  r e l a t e d  t o  even t s  
which took p l a c e  f a r  t o  t h e  w e s t .  They r e p o r t  
t h a t  t h e  p r e s s u r e  g r a d i e n t  between 1 O " W  and 
35OW inc reased  markedly between mid-June and 
t h e  end o f  August. I n  f a c t ,  t h i s  i n c r e a s e  of 
t h e  zonal  p re s su re  g rad ien t  i s  p a r t  of an 
annual  cyc le .  F igu re  5 ,  from Neumann et al .  
(1975), shows mean s l o p e s  of dynamic he igh t  
a long  t h e  equa to r  based on h i s t o r i c a l  da t a .  
It is ev iden t  i n  t h e  f i g u r e  t h a t  t he re  i s  a 
s u b s t a n t i a l  i n c r e a s e  i n  t h e  zonal  p r e s s u r e  
g r a d i e n t  between the  February-March and Ju ly-  
September-November s e c t i o n s .  Merle (1977) 
co r robora t e s  t h i s  r e s u l t  and f i n d s  t h a t  t h e  
p r e s s u r e  g r a d i e n t  is weakest i n  A p r i l  (5 dy- 
namic cm) and l a r g e s t  i n  September (30 dy- 
namic cm). 
The f l u c t u a t i o n  o f  e q u a t o r i a l  p re s su re  
g r a d i e n t  occurs  i n  conjunct ion  wi th  l a r g e  
changes i n  t h e  zonal  wind f i e l d  west of l o o W .  
Katz e t  a l .  (1977) show t h e  monthly averaged 
The most i n t e r e s t i n g  a spec t  of t he  upwell- 
Katz e t  al .  (1977) sugges t  t h a t  t h e  upwell- 
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Fig. 3 (a).  Time series of SST on t h e  equa- 
t o r  a t  10"W dur ing  July-September, 1974. 
Fig. 3 (b) .  Time-versus-depth contours of 
zonal  v e l o c i t y  a t  t h e  equator  from moorings a t  
1 O " W  du r ing  July-September, 1974. The un- 
marked contours  a t  the  co re  of t he  Undercurrent 
a r e  80 cmisec-'. 
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wind stress on t h e  equa to r  between 10aW and 
40°W, as computed by Bunker. The westward 
wind stress is  a t  its minimum va lue  i n  March 
and i n c r e a s e s  r a p i d l y  from .25 dyne/cm2 t o  
.55 dyne/" du r ing  A p r i l ,  May and June. It 
remains a t  t h i s  high l e v e l  u n t i l  November. 
t h e  westward wind i n c r e a s e s ,  t h e  p r e s s u r e  
g r a d i e n t  qu ick ly  fo l lows  r each ing  a maximum 
several months a f t e r  t h a t  of t he  wind. 
A s  
A Simple Explana t ion  
Iie hypo thes i ze  t h a t  t h e  above o c e a n i c  ob- 
s e r v a t i o n s  r ep resen t  t h e  r e sponse  o f  t h e  equa- 
t o r i a l  A t l a n t i c  Ocean t o  t h e  s t r e n g t h e n i n g  o f  
t h e  westward zonal  wind stress i n  t h e  wes te rn  
A t l a n t i c .  Te leconnect ions  between t h e  eastern 
and western A t l a n t i c  can  b e  s imula ted  w i t h  
s imple  l i n e a r  models. Suppose t h a t  a wind 
stress conf ined  to  t h e  wes te rn  ocean is 
swi tched  on a t  some i n i t i a l  t i m e ;  t hen  t h e  
models p r e d i c t  t h a t :  
1) I n  the reg ion  where t h e  (westward) 
zona l  wind i n t e n s i f i e s ,  s u r f a c e  water 
p i l e s  up a g a i n s t  the wes tern  boundary, 
and as a r e s u l t  a zona l  p r e s s u r e  gra- 
d i e n t  is e s t a b l i s h e d  which ba lances  t h e  
a p p l i e d  wind stress ( see  F igu re  5). 
To t h e  east of t h e  fo rc ing ,  a Kelvin 
wave upwelling is genera ted ,  propaga- 
t i n g  eastward a t  a speed c = &%, of 
t h e  o r d e r  o f  250 cm/sec (Moore and 
Ph i l ande r ,  1976) ,  where g '  is reduced 
g r a v i t y  and H is the dep th  of the 
2) 
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Fig. 4 .  Time series of SST (OC) from c o a s t a l  
s t a t i o n s  i n  the  Gulf of Guinea d u r i n g  1974. 
The d a t a  from Ghana xiLare k i r i d l y  provided by 
tho  Ghana F i s h e r i e s  Research Unit i n  Tema. 
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Fig .  5. Mean sea-sur face  s l o p e s  a l o n g  t h e  
equa to r  based on h i s t o r i c a l  da t a .  
pycnocline.  Assoc ia ted  wi th  t h e  
passage o f  t h i s  upwel l ing  s i g n a l  is a 
g e n e r a l  u p l i f t i n g  o f  t h e  thermal  s t r u c -  ' 
t u r e  i n  t h e  e q u a t o r i a l  band and in- 
c r eased  s u r f a c e  flow toward t h e  w e s t .  
Th i s  westward flow provides  t h e  s o u r c e  
of t h e  upper l a y e r  water which accumu- 
lates i n  t h e  f o r c i n g  r eg ion  ( s e e  F igu res  
1, 2,  and 3). 
t h e  e a s t e r n  boundary, i t  s p l i t s  w i t h  a 
s i g n a l  going poleward a long  the c o a s t  
i n  both  hemispheres ( s e e  F igure  4). 
An accompanying n o t e  by O'Brien, e t  a l .  (1978) 
i l l u s t r a t e s  t h e s e  i d e a s  us ing  a model i n  a n  
ocean b a s i n  which i n c l u d e s  t h e  Afr ican  c o a s t .  
This  adjustment process  i s  completely analo- 
EOUS t o  a c u r r e n t l y  proposed exp lana t ion  f o r  
3) When th i s  upwel l ing  d i s t u r b a n c e  r eaches  
Y - .  - 
t h e  E l  Niño phenomenon i n  t h e  P a c i f i c  (Hurl- 
b u r t ,  e t  al . ,  1976; McCreary, 1976). 
D i s  cus s ion  
The t r a n s i e n t  model r e sponse  d i scussed  i n  
t h e  prev ious  s e c t i o n  s u g g e s t s  t h a t  a d e f i n i t e  
t i m e  l a g  must e x i s t  between t h e  onse t  of equa- 
t o r i a l  and c o a s t a l  upwelling: Suppose t h a t  an  
e q u a t o r i a l l y  trapped e v e n t  i s  o r i g i n a l l y  ob- 
se rved  a t  10"W. It must t r a v e l  19" of longi -  
tude t o  reach  t h e  Af r i can  c o a s t .  Af t e r  i t  
r e f l e c t s  from t h a t  boundary, i n  p a r t  as a 
c o a s t a l l y  trapped Kelvin wave, i t  m u s t  t r a v e l  
back ano the r  10" t o  reach  Tema. The re fo re ,  
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che s i g n a l  a t  Tema should  lag t he  e q u a t o r i a l  
orle by roughly 12 days. Such a l a g  may have 
e x i s t e d  dur ing  t h e  1974 upwelling event;  how- 
ever, i t  i s  d i f f i c u l t  t o  determine a moment 
on t h e  onse t  o f  upwel l ing  i n  e i t h e r  region. 
Did the  e q u a t o r i a l  upwel l ing  begin  on 6 J u l y  
wi th  t h e  r ap id  dropping of SST, o r  on 28 June 
wi th  t h e  rise of t h e  c o r e  of t h e  Undercurrent? 
Did the  c o a s t a l  upwel l ing  begin  on 12-15 J u l y  
wi th  t h e  rap id  rise o f  i sopycna l s ,  o r  on 1 
June  wi th  the  g radua l  cool ing  o f  SST? 
obse rva t ions  are needed. 
o u t  t h a t  i n  1974 a g r a d u a l  lower ing  of SST a t  
Pointe-Noire (4"49' s o u t h  of t h e  equa to r )  be- 
gan about 15 May, cons ide rab ly  be fo re  t h e  rise 
of t h e  Undercurrent a t  1 O " W  and s l i g h t l y  pre- 
ceding  the  g r a d u a l d r o p  cif temperature a t  Tema. 
HcCreary and Moore (pe r sona l  communication) 
have r e c e n t l y  been s t u d y i n g  t h e  response  of 
s imple  models t o  winds o s c i l l a t i n g  a t  fre- 
quency w . They f i n d  t h a t  t h e  obvious phase 
r e l a t i o n s h i p s  connec t ing  events  i n  t h e  t ran-  
s i e n t  response are a l t e r e d  cons ide rab ly  by 
t h e  r e f l e c t i o n  o f  Rossby waves from a merid- 
i o n a l  boundary. 
f o r  t h e  e a r l y  upwel l ing  i n  t h i s  way. 
If f l u c t u a t i o n s  of local wind are no t  t h e  
cause  o f  upwelling i n  the Gulf of Guinea, what 
t hen  i s ?  The p o i n t  of t h i s  no te ,  and its com- 
panion, is to sugges t  a p o s s i b l e  answer t o  t h i s  
puzz le .  Although t h e  a v a i l a b l e  d a t a  as y e t  do 
n o t  a l l o w  a thorough tes t  of ou r  hypothes is ,  
they  do sugges t  t h e  p o s s i b i l i t y  that tele- 
connec t ions  a c r o s s  the A t l a n t i c  are occur r ing  
s e a s o n a l l y  i n  much t h e  same way that  they are 
known t o  occur i n  t h e  P a c i f i c  on  i n t e r a n n u a l  
(El Niño) t i m e  scales. 
More 
Hisard (personal  communication) has pointed 
It may b e  p o s s i b l e  t o  account 
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